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The ana lys i s  of t h e  env i romentz l  impact of r o u t i n e  
r ad ioac t ive  gaseous r e l e a s e s  from operat ing nuclear  power stat ions  
is discussed using a r a d i a t i o n  dose assessment. This  a n a l y s i s  in-  
cludes a d iscuss ion  of t h e  o r i g i n  of radionucl ide e f f l u e n t s ,  a 
d iscuss ion  of f e d e r a l  p o l i c i e s ,  and a ca lcu la t ion  of r a d i a t i o n  doses  
t o  man. A model f o r  es t imat ing t h e  r ad ioac t ive  dose from gaseous 
e f f l u e n t s  from light-water-cooled r e a c t o r s  is descr ibed us ing  guide- 
l i n e s  described i n  t h e  Code of Federal  Regulations and t h e  Nuclear 
Regulatory Commission's Regulatory Guides. The environmental impact 
of t h e s e  sources is then analyzed using dose r a t e s  ca lcu la ted  along 
c r i t i c a l  exposure pathways f o r  var ious r ad ioac t  &ve nuc l ides .  
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Examples a r e  given using r e a c t o r s  t h a t  have been 
here tofore  documented in t h e  l i t e r a t u r e .  The major radionucl ides  
i n  t h e  a i rborne  e f f l u e n t s  from a PdR, used as an  example a r e  noble 
gases,  H-3, radioiodines  , and rad ioac t ive  p a r t i c l e s .  
The r e s u l t s  from t h e  methodologies described i n  t h i s  
paper a r e  campared t o  f e d e r a l  r a d i a t i o n  limits. 
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INTRODUCTION 
The ana lys i s  of t h e  environmental impact of rou t ine  
gaseous and l i qu id  re leases  from operating nuclear reac to rs  has in- 
creased i n  importance during t h e  last t e n  years.  The estimation of 
po ten t i a l  heal th  r i s k s  of these  p lan t s  requi res  an  assessment of t h e  
rad ia t ion  exposure r e su l t i ng  from t h e  re lease  of a va r i e ty  of radio- 
nuclides. This  assessment, now a requireaent by l a w ,  is an  extreme- 
l y  complex t a s k  due t o  t h e  following problems: (a )  t he r e  a r e  a t  
l e a s t  one hundred major and over t h r ee  hundred minor radionuclides 
produced i n  and released from a nuclear power s t a t i on ;  (b) t h e r e  a r e  
many re lease  pathways from each f a c i l i t y ;  ( c )  t h e  number of environ- 
mental paths which can convey these  radionuclides t o  man a r e  exten- 
s ive ;  (d) t h e  nuaber of body organs which may be i r r ad i a t ed  by a 
given radionuclide is d i f f i c u l t  t o  determine. 
The purpose of t h i s  paper is t o . d i s c u s s  t h e  o r ig in  
of t h e  radionuclide e f f luen t s  , determine exposure pathways, and 
ca lcula te  rad ia t ion  doses t o  man. This complex problem may be sim- 
p l i f i e d  by t h e  consideration of t h e  most s ign i f i can t  o r  c r i t i c a l  
pathways and p r inc ipa l  radionuclides which contr ibute t o  t h e  o v e n l l  
r ad ia t ion  dose. Environmental measurements [I] ind ica te  t h z t  t h e  
pr inc ipa l  radionuclides which con t r i bu t e . t o  t h e  rad ia t ion  dose 
from nuclear power f a c i l i t i e s  can be reduced t o  approximately two 
dozen i n  number which interact-along t he  exposure pathways shown i n  
Table 1-1. Airborne radionuclides a r e  discussed i n  t h i s  paper. 
These include radioiodine , cesium, noble gases, and tritium . 
Chapter I1 discusses t h e  importance of these  nuclides i n  t h e  study 
of gaseous e f f luen t s  from operating power p lants .  Chapter I11 and 
N describes in-plant and environmental pathways f o r  t h e  gaseous 
re leases ,  respect ively . Chapter V summarizes the clcrrent s t a t e  of 
environmental pol icy and f ede ra l  l a w .  Chapters V I  and V I I  i l l u s t r a t e  
t he  use of c r i t i c a l  pathways analys is  f o r  t h e  de t  emina t i on  of pop- 
u la t ion  doses from an  operating f a c i l i t y .  The appendix contains a 
glossary of terms important t o  t h e  discussion of nuclear f a c i l i t i e s  
and rad ia t ion  dose commitment. It is t h e  goal  of t h i s  paper t o  in- 
troduce t h e  concepts and methodologies necessary t o  solve rad ia t ion  
assessments i n  man. 
Table 1-1 
C r i t i c a l  Pathways Analysis For Nuclear Power F a c i l i t i e s  
- - 
Radionuclide Discharge mode C r i t i c a l  Exposure Pathway C r i t i c a l  Organ 
Radioiodine 
Tritium 
Noble Gases 
Cesium 
Airborne 
Water 
Airborne 
Water 
Airborne 
Airborne 
Water 
Ground deposi-t ion 
A i r  inhala t ion  
Grass-cow-milk 
Leafy vegetables 
Drinking water 
Fish consumption 
She l l f i sh  
A i r  inhala t ion  
Submersion 
Drinking water 
Food consumption 
External i r r ad i a t i on  
Ground deposit  ion 
Grass-cow-milk 
Grass-meat 
Inhalat ion 
Sediments 
Drinking water 
Fish consumption 
Whole body 
Thyroid gland 
FIhole body ! 
Skin , I 
Whole body 
Skin and whole body 
Whole body 
GwTm I1 
AIRBORNE amIOfwCLIDES OF SPECIAL INTEREST IN NUCUAR POl?ER PLANTS 
2.1 General D e s c r i ~ t  ion of t h e  Fiss ion  Process 
L;2'-! -:-f The nuclear f i ss ioz  process 
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p t h e r m a l  neutron ( k ine t i c  energy of l e s s  han one e lec t ron vo l t )  is 
absorbed in uraniun-235 causing e i t h e r  t h e  production of uranium-236 
o r  f i s s i o n .  F iss ion  r e s u l t s  i n  a t  l e a s t  two, and possibly t h r ee ,  
radioact ive . f i s s i o n  f rzgments . These f i s s i o n  fragments w i l l  beta- 
minus decay, usual ly through several  unstable nuclides,  t o  s t a b i l i t y .  
I n  addit ion,  successive absorption of neutrons and beta-minus decay 
can r e s u l t  i n  t h e  production of such transuranic elements as nep- 
tunium ( ~ p )  and plutonium (PU) . Pu-239, i n  add i t  ion t o  U-235, is a 
thermal f u e l  end may f i s s i o n  within t he  reac to r .  Activation products 
a r e  a l so  forned during oparation by t h e  absorption of neutrons i n  
t h e  s t r u c t u r a l  materials  and Cisolved gases i n  t h e  primary coolant. 
None. of these  raa ioact  i ve  nuclides a r e  innocuous, 
however some a r e  l e s s  of a control  problem than o thers .  This  is 
due t o  t h e  f a c t  t h a t  many nuclides have very shor t  ha l f - l ives  f o r  
decay, a r e  produced i n  low concentrations, o r  emit very low l e v e l  
rafiiat ion (low energy gamma, o r  beta-minus radia t ion)  . These e f f ec t s  
lead t o  t h e  f a c t  t h a t  many nuclides never escape from t h e  reac to r ,  
and f o r  those t h a t  may escape, t h e  ionizing rad ia t ion  emitted is 
low and r e su l t an t  b io logica l  damage is not s ign i f i can t .  
A number of nu-clides -.. warrant spec ia l  concern i n  t h e  
study of radioact ive  e f f luen t s  from nuclear power p lan t s  because of 
t h e i r  r e l a t i v e l y  long hal f  -1i.f e , t h e i r  biological  i n t e r a c t  ion  i n  
l i v ing  organisms and t h e  d i f f i c u l t y  i n  containing them within 
t he  f a c i l i t i e s  boundaries. The most important of these  nuclides 
are :  tritium (H-3), krypton -85 ( ~ r - 8 5 ) ,  iodine-I29 and -131 (1-129, 
I-131), and cesium-137 (CS-137). This chapter describes these  
nuclides and their r e la t ionsh ip  t o  environmental radia t ion .  
2.1.1 Trit ium 
T r i t i u m  is an  isotope of hydrogen and the re fore  a c t s  
chemically similar t o  hydrogen-1. I n  general tritium is foucd i n  
nature as p a r t  of t he  water molecule (HTo o r  ~ 2 0 ) .  Trit ium w i l l  
na tura l ly  reach an  equilibrium with H-I and because of t h e  iinpor- 
tance of water i n  biological  systens,  and its e f f ec t  on t h e  whole 
h d y ,  it is of spec ia l  i n t e r e s t .  T r i t l u m  is the  l e a s t  hazardous of 
t he  nuclides t o  be s tudied because of its low energy radioact ive  
decay and r e l a t i v e l y  shor t  b io logica l  ha l f - l i f e ,  as noted i n  Table 
2-1 ,adapted from a repor t  by t he  American Chemical Society [z] . The 
biological  h a l f - l i f e  is defined as t h e  time required by t h e  body's 
normal biochemical excretory process t o  eliminate ha l f  of t h e  mater- 
ial from t h e  c r i t i c a l  organ. Also i l l u s t r a t e d  i n  Table 2-1 is t h e  
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maximum permissible concentration (MCP) , which is t h e  concentration 
which should not be exceeded i n  t h e  a i r  o r  water of t h e  environ- 
ment of t he  general on a 16.8.-he.u per  week bas is  if t h e  maximum 
permissible body burden (MPBB) is t o  remain below its s t a t e d  l i m i t .  
The MPBB f o r  tritium is 2000 x C i ,  which is well  above a l l  
other  l i s t e d  nuclides. This high value is due t o  t h e  f a c t  t h a t  t h e  
average 8-minusdecay of H-3 r e s u l t s  i n  an  electron with an  average 
-6 k ine t i c  energy of 4.7 keV and a range of 1 x 10 m. This p a r t i c l e  
w i l l  cause a small amount of ionizat ion and exci ta t ion  of t h e  sur- 
rounding atoms and therefore  minimal biological  damage. The s ig-  
n i f  icant  r e lease  of tritium from operating nuclear power p lan t s ,  
both as a f i s s i o n  fragment and as an  ac t iva t ion  product of H-2, 
requi res  t h e  careful  monitoring of t h i s  nuclide. 
Discharges of noble gases, such as krypton and 
xenon, cons t i tu te  t h e  main source of external  radiat ior .  around 
nuclear reac to rs .  A very small f r ac t i on  of t h e  Kr-85 i n  t h e  f u e l  
is discharged a t  t h e  reac to r  s i t e  t o  t he  atmosphere. The gas is 
not very soluble i n  water o r  blood and is i n  general a rad ia t ion  
hazard f o r  an  individual  immersed i n  a cloud of t h e  radioact ive  
gas. The dose t o  t he  sk in  therefore  es tabl ishes  t h e  maximum per- 
missible concentration i n  air .  From Table 2-1 one observes t h a t  
t he  p-minus decay of t he  nuclide r e su l t i ng  i n  a 670 keV e lec t ron 
3 y i e l d s  a MPC of 3 x 1 0 - ~ ~ ~ i / c m  f o r  t h e  maximum dose t o  t h e  skin..  
This  nuclide is s tudied  using models described by t h e  Nuclear 
Regulatory Commission [3,4] -. - 
2.1.3 Iodine -129 and -131 
The f i s s i o n  of uranium-235 and plutonium-239 y i e l d s  
s i g n i f i c a n t  amounts of six rad ioac t ive  isotopes of iodine: 1-129 
and 1-131 through 1-135. The ha l f - l ives  of 1-132 through 1-135 
a r e  shor t  (maximum of 2 1  hours) and a r e  the re fo re  not accumulated 
i n  t h e  environment. Typical  inves t iga t ions  [5,6] of t h e  r a d i o l o g i c a l  
impact of iod ine  re leased  from n u d e &  power p l a n t s  involves only 
1-129 and 1-131. Iodine from nuclear f a c i l i t i e s  a r e  in s e v e r a l  
chemical f o m s  : elemental iodine (I~), organic iodine (usua l ly  as 
methyl iod ide) ,  elemental iodine adsorbed on p a r t i c u l a t e s  , and 
hypoiodous acid (HOI) . Ingested iodine is absorbed i n  t h e  small 
i n t e s t i n e  and t h e  stomach. It is t r ans fe r red  by t h e  blood i n  t h e  
form of t h e  iodide ion  t o  t h e  thyroid,  s a l iva ry ,  g a s t r i c ,  and mam- 
mary glands. Most s i g n i f i c a n t  is t h e  accumulation of iodine by t h e  
thyroid gland. The inges t ion  of elemental iodine is found t o  be 
more l i k e l y  than t h e  o the r  forms of iodine.  Elemental iodine may 
be breathed in ,  t ranported t o  t h e  pharynx, swallowed, and absorbed 
i n  t h e  small i n t e s t i n e .  I n  general  methyl iodide is re t a ined  i n  t h e  
lungs about twice as w e l l ' a s  elemental iodine assuming t h e  same 
breathing r a t e s .  It is assumed t h a t  elemental iod ine  e n t e r s  t h e  
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body through t he  ingest ion pathway and organic iodine through t h e  
inhalat ion pathway. The air-grass-cow-milk food chain is considered 
t h e  c r i t i c a l ,  o r  most important, pathway f o r  t h e  accumulation of 
radioiodine i n  t h e  individual.  The dose received by an individual  
is a funct ion of t he  individual ' s  age since t h e  thyroid is a func- 
t i o n  of age. For example, a one-year-old chi ld  has a 2 gram thyroid 
gland while an  adu l t  ' s thyroid may weigh 20 grams. This  pathway and 
age dependence is discussed fu r the r  i n  subtopic 4.2.2.8. 
2.1.4 Cesium - 137 
Cesium - 137 has been' studied extensively f o r  its 
importance i n  nuclear weapons t e s t i ng .  It is a l s o  an important 
source of i r r ad i a t i on  i n  light-water-cooled and moderated reactors .  
These reac to rs  may produce Cs-137 a t  a r a t e  of 3.5 M C i  per  M"W(e) 
years. Cesium is an  a l k a l i  metal and w i l l  d i s t r i b u t e  i t s e l f  uniform- 
l y  throughout s o f t  body t i s sues .  A s  i l l u s t r a t e d  i n  Table 2-1 t h e  
biological  ha l f  - l i f e  is 70 days, making it a genet ic  hazard t o  t h e  
body. The whole body is considered t he  c r i t i c a l  organ f o r  t h e  in- 
take of Cs-137. This nuclide is considered t o  be a s ign i f i can t  
hazard when contaminated f i s h  o r  other  aquat ic  food-stuffs a r e  
eaten by humans. Wrenn [7] indicated t h a t  intake of Cs-137 by t h e  
biota ,  i n  brackish water of t he  Hudson River, w a s  mainly from f r e sh ly  
introduced cesium isotopes from a reac to r  r a the r  than from fa l l -ou t  
retained on bottom sediments. 
2.2 Other Nuclides 
Many other  nuclides m y  be of i n t e r e s t  under un- 
usual s i t ua t i ons  o r  pathwarss,.- -Several of these  nuclides a r e  dis- 
cussed i n  t h e  chapters t o  follow. The remainder of t h i s  paper 
describes s ign i f i can t  o r  c r i t i c a l  pathways associated with t h e  rou- 
t i n e  operation of light-water-cooled nuclear reac tors .  
RELEASE PATHWAYS FROM OPERATING PRESSURIZED WATER REACTORS 
3.1 General Description of Pressurized Water Reactor Planks 
Nuclear power reactors  a r e  constructed with multiple 
ba r r i e r s  f o r  t he  i so l a t i on  of radionuclides produced during reac to r  
operation from t h e  environment. The p r i c ipa l  ba r r i e r s  a r e  (a )  t he  
f u e l  cladding, (b) t h e  reac to r  systems, and (c )  t he  reac to r  and 
aux i l i a ry  buildings.  The pressurized water r eac to r  ( ~ 5 7 ~ )  p lan t  
can be divided in to  t h r ee  p r inc ipa l  buildings,  i l l u s t r a t e d  i n  
Figure 3-1: t h e  containment building, t he  turbogenerator building, 
and the  fuel-handling building. 
The containment building houses t h e  primary system, 
including t he  reac to r  and associated aux i l i a ry  systems and t he  stem 
generators. The steam produced in these  generators is piped through 
t he  containment building in to  t he  turbogenerator building. The 
steam generktes e l e c t r i c i t y  by passing through high and low s tages  
of t h e  turbinelgenerator.  The remaining energy is removed from the  
steam by t h e  condenser. This energy is released t o  t h e  atmosphere i n  
cooling towers. The water re turns  t o  t he  steam generator t o  repeat 
t h i s  cycle. Per iodica l ly  t h e  reac to r  is refueled.  The spent f u e l  
c e l l s  a r e  transported, v i a  a conveyor system , to  t h e  fuel-handling 
building were they are stored before removal from t h e  reac to r  s i t e .  

3.2 Release Pathways From PVR P l a n t s  
Gaseous discharges from PIrR p l a n t s  may occur a t  a 
number of p laces  i n  both primary and secondary systems. The radio- 
nucl ides  o r i g i n a t e  i n  t h e  r e a c t o r  vesse l  wi th in  t h e  f u e l  cladding 
o r  i n  ma te r i a l s  located adjacent  t o  t h e  f u e l  rods .  The radio-  
nucl ide sources  of s ign i f i cance  a r e :  f u e l  cladding d e f e c t s ,  gaseous 
radwaste system, condenser a i r  e j e c t o r ,  steam generator  blowdown 
f l a s h  tank, system leakage t o  t h e  bui lding atmosphere, containment 
purging, gland s e a l  leakage, atmospheric steam dumps, and t h e  feed- 
water h e a t e r  r e l i e f  valve discharge.  The following sec t ions  des- 
c r i b e  each of t h e s e  sources i n  add i t ion  t o  t h e  radionucl ide dis-  
charge t y p i c a l l y  t o l e r a t e d  in operat ing nuclear power p lan t s .  
3.2.1 Fuel  Cladding Defects 
The f u e l  i n  a pressurized water r e a c t o r  is U-235, 
contained i n  a ceramic matrix i n  t h e  form of uranium dioxide  f u e l  
p e l l e t s .  These p e l l e t s  a r e  contained within a t h i n  cladding 
(0.025 in )  , t y p i c a l l y  s t a i n l e s s  s t e e l  o r  z i r ca loy  . This  cladding 
is t h e  primary b a r r i e r  f o r  t h e  i s o l a t i o n  of r ad ioac t ive  f i s s i o n  
products from t h e  environment. A 3000 lflq(t) PYR has a buildup of 
seve ra l  g igacur ies  of r ad ioac t ive  nucl ides  over a period of 500 
days of operat ion a t  100 percent power. Most of t h e  r a d i m u c l i d e s  
rema5n wi th in  t h e  ceramic matrix, however, more v o l a t i l e  elements 
such as halogens ( iodine,  bromine) and noble gases (krypton, xenon) 
can d i f fu se  through t h e  U02 p e l l e t  t o  t h e  annulus between t h e  
p e l l e t  and t h e  cladding. The a lka l ine  ear ths  (barium, strontium) 
a l so  accumulate i n  t he  fuel-cladding gap r e su l t i ng  from t h e  decay 
of shor t  l ived  noble gases. A s  long as the  cladding remains i n t a c t ,  
t he  radionuclides w i l l  not enter  t h e  primary coolant. A ce r t a in  
amount of r ad ioac t iv i ty  is found i n  t h e  primary coolant r e su l t i ng  
from neutron ac t iva t ion  of t h e  water and a i r  i n  t h e  primary cool- 
an t  and of t h e  s t r u c t u r a l  materials  r e su l t i ng  from corrosion of t he  
reactor  vessel ,  piping, pumps, and o ther  support equipment. 
Variat ions i n  cladding thickness i n  manufacturing 
combined with t h e  high temperature and pressure environment of t h e  
reactor  core r e s u l t s  i n  small pin-holes o r  de fec t s  i n  t h e  f u e l  
cladding allowing t he  v o l a t i l e  radionuclides in the  cladding an- 
nulus t o  escape i n to  t h e  coolant. Larger f a i l u r e s  i n  t h e  cladding 
could r e s u l t  in a contact between t he  coolant and t h e  f u e l ,  leach- 
ing l e s s  v o l a t i l e  f i s s i o n  products from t h e  p e l l e t .  A t yp i ca l  
3000 m(t)  IWR [8] contains approximately 40,000 such f u e l  rods,  
each approximately t e n  f e e t  i n  length. I n  general,  t h e  designer of 
a PWR assumes a one percent f a i l u r e  of t he  cladding; t h a t  is, a l l  
systems are design& assuming t h a t  one percent of all f i s s i o n  pro- 
duct a c t i v i t y  in the  fuel-cladding gap escapes i n to  t h e  primary 
coolant. The var ia t ion  i n  a c t i v i t y  between t h e  reac to r  core,fuel-  
cladding gap, and t he  primary coolant is i l l u s t r a t e d  i n  Table 3-1, 
assuming l.$ cladding defec t s  a f t e r  f u l l  power operation f o r  500 days. 
I -  Table 3-1 
V a r i a t i o n  of Ac t iv i ty  Y i t h i n  t h e  Reac to r  Core [9] 
--- 
. _-.- 
?Juclid e Half - l i f e  Fuel Rods Fuel-c1addir.g P r i n a r y  Coolant 
(MCI) gap ( M C ~ )  ( cur ies)  
Iodine 
Xenon 
-
Xe-133 5.3 d 
Xe-133m 2.3 d 
Xe-135 9.2  h 
Xe-135m 15.6 m 
The f i s s i o n  product a c t i v i t y  is reported f o r  iodine,krypton, and 
xenon i n  cur ies  and concentrations i n  cur ies  per  reac to r  volume. 
The coolant pur i f i ca t ion  systeiiis a r e  designed t o  remove most of t h i s  
a c t i v i t y  and i n  general low l eve l s  of a c t i v i t y  a r e  maintained within 
t he  primary coolant. 
3.2.2 Gaseous Radwast e System- Primary Coolant Loop 
Boric ac id  is added t o  t h e  primary ea r ly  i n  a core ' s  
f u e l  cycle as a chemical shim. That is, t h e  boron, which is a 
reactor  poison, is added t o  control  t h e  excess f u e l  added a t  t h e  
begining of t h e  f u e l  cycle. This boron is removed as the  core 
evolves and t h e  f u e l  concentration decreases. This  is performed 
by removing a small amount of coolant from t h e  pur i f i ca t ion  system 
and pass it through t h e  boron recovery system. Radioactive gases 
evolved a t  t h e  gas s t r i ppe r  a r e  routed t o  t h e  waste gas system f o r  
treatment. This system provides a 45 day holdup before r e l ea se  t o  
t he  environment. The annual a c t i v i t y  released t o  t h e  environment 
from t h e  waste gas processing system is a maximum of 791 C i  f o r  
Kr-85, 63 C i  f o r  Xe-l31m, and 1500 C i  f o r  Xe-133 f o r  a t yp i ca l  
P?RR p lant  [ 9 ] .  
3.2.3 Primary t o  Secondary Leakage 
The heat exchanger associated with t h e  t r a n s f e r  of 
energy from the  primary t o  t h e  secondary system is t h e  steam 
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generat o r .  The primary coolant passes through approximately 4000 
tubes,  t r ans fe r r ing  its energy t o  t h e  unradioactive water of t h e  
secondary system. Defects -inii' ghese tubes can lead t o  t h e  leakage 
of radioact ive primary coolant i n to  t h e  secondary system. Those 
v o l a t i l e  radionuclides which pass i n to  t h e  secondary system may 
be released t o  t h e  environment by two pa th~~nys :  t h e  condenser a i r  
e jec to r  and t h e  steam generator blowdown f l a s h  tank. 
3.2 . 3 . 1 Cordenser a i r  e jec to r  
Radioactive noble gases, gaseous ac t iva t ion  products 
and some halogens may be carr ied  over i n  t h e  s t e a m  from t h e  steam 
generator t o  t h e  turbines  and t h e  condenser. The condenser a i r  
e jec to r  removes gases from t h e  secondary system and w i l l  ex t rac t  
these  radioact ive  gases. This gas is then discharged t o  t h e  envir- 
onment. 
3.2.3.2 Steam generator blowdown f l a s h  tank 
A s  t h e  s tean  is generated i n  t h e  s t e a m  generator,  
so l ids  be.gin t o  concentrate i n  t h e  bottom of t h e  steam generator.  
The addi t ion  of t h e  s o l i d s  near t h e  s t e a m  generator U-tuSes inhib- 
its heat t r ans fe r .  I n  general,  s t e a m  generator bottom l iqu id  is 
removed t o  prevent t h e  buildup of these  so l ids .  Radionuclides from 
primary t o  secondary leakage a r e  car r ied  with t h e  bottom l i qu id  t o  
a f l a sh  tank where t h e  l iqu id  is permitted t o  f l a s h  t o  steam, 
carrying t he  radioact ive gases. This s t e a m  is then released t o  t h e  
atmosphere. This  can be a s ign i f i can t  source of 1-131 from an  op- 
_- - - 
era t ing  p lan t .  I n  f a c t ,  a&ing a 20 gal lon per  day primary t o  
seconday leak  and a 10 gal lon per  minute blowdown, 8.1 C i  per  year 
may be released t o  t h e  atmosphere [9]. This  value is much higher 
than is typ i ca l l y  observed. 
3.2.4 System Leakage t o  t h e  Building Atmosphere 
The containment building is designed t o  accomodat e 
t h e  leakage of between 0.2 and 0.3 gal lons per  minute ( 0.4 t o  1.0 
percent of t h e  coolant volume per  day ) from t h e  primary system com- 
ponents. Most of t h e  l iqu id  is col lected by t h e  p lant  d r a in  
systems and processed by t h e  waste treatment system. The v o l a t i l e  
nuclides which leak from t h e  primary a r e  released t o  t h e  contain- 
ment building and a r e  l a t e r  discharged o r  leak t o  t h e  environment. 
3.2.5 Containment Purging 
Containment venting is performed per iodica l ly  t o  
reduce t h e  containment a c t i v i t y  i n  t h e  form of noble gases and 
halogens. I n  addi t ion  these  purges a r e  used t o  reduce t h e  con- 
tainment temperature and pressure. The venting may last f o r  
several  hours and occur 1 t o  10 times per  year. The containment 
purge typ ica l ly  [g] r e leases  1.8 x I O - ~ C ~ / ~  of 1-131 and Xe-135, 
3 with re leases  as high as I x 10 of Xe-133. 
3.2.6 Gland Seal  Leakage 
The packing associated with t h e  shaf t  of main cool- 
-- - 
an t  pumps and other  equipment with moving p a r t s  is designed t o  
re ta rd  t h e  leakage of f l u i d  and steam from t h e  primary and second- 
a ry  systems. This packing does not provide t o t a l  i so l a t i on  and is 
a major source of coolant leakage. If t he r e  is a s ign i f i can t  f u e l  
cladding defec t  and a primary t o  secondary leak i n  t h e  steam gen- 
e ra to r  t he r e  may be radioact ive re leases  from t h e  t ~ b i n e / ~ e n e r a t o r  
sha f t .  This leads  t o  radioact ive  re leases  within t he  containment 
and t h e  turbogenerator buildings.  
3 2.7 Atmospheric Steam Dumps 
Atmospheric steam dump valves a r e  used t o  r e l ea se  
excessive pressure in t h e  secondary system during abnormal t rans-  
i en t s .  During runback operations,  t en s  of thousands of pounds of 
steam per  minute may be released t o  t h e  atmosphere. The rapid 
reduction of reac to r  power from 100% t o  self-sustaining is an  
example of a runback operation. With s ign i f i can t  primary t o  sec- 
ondary leakage and f u e l  element f a i l u r e ,  one may expect r ad ioac t iv i ty  
t o  be released with t h e  steam. Table 3-2 summarizes t h e  re leases  
of radioact ive gases and par t i cu la tes  via t h i s  pathway. The most 
important nuclide is iodine. 
I n  addit ion,  t h e  f eedwater heater  r e l i e f  valve d i s -  
charge can contr ibute t o  d i r e c t  r e lease  of radionuclidesto t h e  
PFIR Radioactivity Releases Via Atmospheric Steam Dumps [9] 
Nuclide Main Steam r e l i e f  valves 
( I  m i n  releases) ( ~ i / ~ ) *  
Noble gases 
Kr-85 
Radioiodine 
1-131 
Par t icula tes  
No-99 
Total 
-
* Assume 20 gpd primary t o  secondary leak and 0.2% fa i l ed  f u e l  i n  a 
atmosphere. Values fo r . r e l ease  from t h i s  pathway give similar 
order of magnitude.: activities t o  the atmospheric steam dump 
values in Table 3-2. 
-CH@TER IV 
DOSE ASSESSMENTS USING CRE'ICAL PATHWAYS ANALYSIS 
4.1 General Elements of Dose Assessment 
Dose assessments a r e  performed p r io r  t o  and during 
power p lant  operation t o  determine t h e  exposure of t h e  general 
population t o  po ten t i a l ly  hazardous ionizing radiation..  The assess- 
ment is characterized by t h e  following general considerat ions : 
(a)  t he  character izat ion of t h e  radionuclide o r  r ad ia t ion  source 
t o  be analyzed; (b) t h e  determination of t h e  r e su l t an t  d i s t r i bu t i on  
of these  nuclides i n  t he  environment as a r e s u l t  of t h e  operation of 
a given f a c i l i t y ;  ( c )  t h e  determination of rad ia t ion  incident on 
and t h e  radionuclide accumulation i n  t h e  envjronment and by man; 
and (d) t h e  determination of t h e  consequent rad ia t ion  dose t o  man. 
Radionuclides discharged i n  airborne,  l iqu id  and 
so l id  wastes may be t ransfer red  along environmental pathways which 
depend on t h e  physical and chemical nature of t h e  nuclides.  These 
radionuclides may then give r i s e  t o  rad ia t ion  doses which a r e  e i t h e r  
external ,  t h a t  is, from radionuclides i n  t h e  a i r ,  on t h e  ground, o r  
i n  sediments, o r  in te rna l ,  t h a t  is, from radionuclides deposited 
i n  t i s s u e s  following intake in to  t he  body. The dose assessment 
calculated p r i o r  t o  power operation is performed by modeling t h e  
po ten t i a l  nuclide pathways with assumed f a c i l i t y  radionuclide 
re lease  data.Thsse d d b ,  -are compiled from the  operating h i s t o ry  
of similar p lan t s  i n  addi t ion  t o  i n t e rna l  p lant  pathway calcula- 
- " -,-, -' t ions . 
4.2 C r i t i c a l  Environmental Pathways 
The following paragraphs summarize t h e  most impor- 
t a n t  o r  c r i t i c a l  pathways associated with t h e  operation of nuclear 
f a c i l i t i e s .  Figure 4-1 i l l u s t r a t e s  t h e  possible  environmental 
pathways considered s ign i f i can t  by t h e  Nuclear Regulatory Commis- 
s ion  [ lo]  . These pathways a r e  divided i n to  two categories:  path- 
ways t h a t  lead t o  external  i r r ad i a t i on  and pathways t h a t  lead t o  in- 
t ernal  i r r ad i a t i on .  
4.2.1 External . I r rad ia t ion  
External i r r a d i a t  ion, as considered i n  t h i s  paper, 
is r e s t r i c t e d  t o  t h e  study- of exposure of t h e  skin  of an  M i v i d u a i  
t o  energetic beta-minus and gamma rad ia t ion .  There a r e  fou r  s ign i f  - 
icant  pathways associated with external  exposure. 
4.2.1.1 Source-air-man pathway 
The analys is  [3] using t h e  source-air-man pathway 
assumes t h a t  t he .  individual  is immersed in a semi-infini te  cloud of 
radioact ive gas and t h a t  t h i s  immersion r e s u l t s  i n  a t o t a l  body and 
skin dose. The t o t a l  body dose from radi&fcm is computed a t  a depth 
Figure 4-1. Radiation Exposure Path~ays[IO] 
of 5 cm in to  t h e  body. This  pathway is t h e  most important f o r  t h e  
study of t h e  external  dose from noble gases discharged t o  t h e  atmos- 
phere from nuclear faci1iti;es.- The proper evaluation of t h i s  type 
of pathway requires  measurements of both t h e  absorbed dose r a t e  
i n  f r e e  a i r  and/or t h e  p a r t i c l e  f l u x  dens i ty  as a funct ion of par- 
t i c l e  type and energy. T h i s  is done by combining photons i n to  
energy groups and each photon i n t ens i t y  within a group is weighted 
by its energy and energy absorption coef f i c ien t .  
4.2.1.2 Source-water-man pathway 
Radionuclides released i n to  t h e  environment as dis- 
solved o r  suspended material  i n  a l iqu id  ef f luent  can cause d i r e c t  
radia t ion  exposure of individuals  who a r e  e i t h e r  immersed i n  t h e  
water o r  near t h e  water surface.  Dose r a t e s  a r e  estimated by cal-  
culat ion of t h e  radionuclide concentration i n  t h e  water. A r u r a l  
population near t h e  Hanford , Vashington nuclear power f a c i l i t y  [ ll] 
received a dis t inguishable  whole body dose due t o  rad ia t ion  associ- 
ated with t h i s  pathway. 
4.2 1.3 Source-water-sediments-man pathway 
External i r r ad i a t i on  may occur uithout immersion 
in contaminated water. This  is due t o  t he  f a c t  t h a t  many nuclides,  
such as Ru-106, Zr-95, Nb-95, Cs- I%,  and Cs-137, a r e  p r e f e r en t i a l l y  
deposited on exposed sediments on t h e  shores of streams, r i v e r s ,  
and lakes  o r  on t i d a l l y  washed es tua r ies  o r  coas ta l  areas. Ac- 
cumulation of Cs-1% and Cs-137 on t h e  lower Hudson River sediments 
['I near a pressurized. water--nEclear power f a c i l i t y  is an example 
of t h i s  pathway. This  dose commitment is comparable t o  those from 
other  pathways, p a r t i c u l a r i l y  t h e  ingestion of f i s h  and bio ta .  
Radionuclides released t o  t h e  atmosphere may be depos- 
i t ed  on t h e  ground and add s ign i f i c an t l y  t o  t h e  gamma rad ia t ion  
f i e l d  near t h e  air-ground in te r face  produced by naturally-occuring 
sources. Again t h e  ground plane dose is calculated as t h e  dose t o  
t he  whole body and t h e  sk in  of t h e  individual .  Subtopic 5.3.2 .I 
provides a model t o  ca lcu la te  t h i s  r ad ia t ion  dose due t o  radionu- 
c l i de s  o ther  than t h e  noble gases. This  is a major pathway f o r  
f a l l o u t  from nuclear weapons t e s t s  , however it is not s ign i f i can t  
i n  t h e  study of nuclear power f a c i l i t i e s .  
4.2.2 In t e rna l  I r r ad i a t i on  
In t e rna l  i r r ad i a t i on  r e s u l t s  from t h e  inhalat ion o r  
ingestion of radionuclides . The dose assessment is calculated f o r  
t he  following organs : bone, l i v e r ,  thyroid, kidney, lung, gastro- 
i n t e s t i n a l  t r a c t ,  and t h e  xhole body. The var ie ty  of organs studied 
is a r e s u l t  of t h e  va r ia t ions  i n  t h e  mechanisms of b io logica l  accum- 
u l a t  ion. These a r e  e ight  s ign i f i can t  pathways f o r  i n t e rna l  irradia- 
t ion . 
4.2.2.1 Source-water-man pathway 
This pathway may be s ign i f i can t  if water down stream 
from a nuclear f a c i l i t y  is -consumed i n  l a rge  quan t i t i e s  by people 
of a l l  ages. Radionuclides a r e  removed t o  some extent  by conven- 
t i o n a l  water-treatment p lan t s  and care  should be taken i n  analyzing 
t h e  ef f luent  from t h e  treatment p lant  t o  de tec t  radionuclides.  
This  pathway is of s ignif icance i n  t h e  area  adjacent t o  t h e  H a ~ o r d  
Washington [li] nuclear power f a c i l t y  on t h e  Columbia River and a t  
any s i t e  if l iqu id  ef f luent  from t h e  power s t a t i o n  reaches drinking 
water supplies.  
4.2.2.2 Source-water-algae-man pathway 
If man consumes food prepared from edible seaweed, 
t h e  source-wat er-algae-man pathway could be s ign i f i can t .  Radio- 
nuclides discharged i n to  bodies of water where such a lgae  grow can 
be accumulated i n  t h e  a lgae .  A comprehensive marine monitoring 
program was employed at  Windscale, England [I] . The c r i t i c a l  path- 
way involves a type of edib le  sea-weed which i s  used in making 
laverbread i n  South Wales. The study indicated t h a t  Ru-106 contr i-  
buted 82 percent of t h e  t o t a l  dose t o  t h e  ga s t ro in t e s t i na l  tract 
along t h i s  pathway. 
4.2.2.3 source-wat er-shel lf  ish-man pathway 
The consumption of s h e l l f i s h  r e p e s e n t s  a route  of 
po ten t i a l  r ad ia t ion  exposure whenever re leases  of radionuclides a r e  
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made i n  t he  v i c i n i t y  of she l l f i sh  farms, through t he  concentration 
f a c t o r s  f o r  she l l f i sh , a r e  generally l e s s  than those f o r  algae.  An 
example of t h i s  pathway is --foua near t he  B r a n d ~ ~ e l l  Nuclear Porhrer 
S ta t ion  in Great Britain, where t he  consumption of oys ters  [I] 
containing ~ r -65  is t h e  c r i t i c a l  pathway. 
4.2.2.4 Source-water-f ish-man pathway 
The source-wat er-f ish-man pathway may be t h e  c r i t i c a l  
pathway i n  f r e sh  water o r  whenever s h e l l f i s h  o r  a lgae  i n  t h e  area 
a r e  not comsumed . This is observed i n  t h e  Hudson River estuary [7] 
where t h e  comsumption of f i s h  containing Cs-1% and Cs-137 produced 
by t h e  adjacent nuclear power f a c i l i t y  is the  c r i t i c a l  pathway. 
This pathway is the  most s ign i f i can t  s ince  t h e  water is too s a l i n e  
t o  be used f o r  public consumption and t he  she l l f i sh  and a l e  a r e  
not used f o r  public consumption. 
4.2.2.5 Source-wat er-soil-food-man pathway 
The source-water-soil-food-man pathway is s ign i f i can t  
whenever radionuclides,  released from nuclear power f a c i l i t i e s ,  a r e  
i n  e f f luen t s  u l t imate ly  used f o r  i r r i ga t i on .  This pathway is i l l u s  - 
t r a t ed  by t h e  uptake of radionuclides by crops i r r i ga t ed  by t h e  water 
from t h e  Columbia River [It] i n  Washinton. The radionuclides i n  t he  
water may a l so  enter  i n to  man's food by means of uptake by animals 
foraging a t  t h e  water's edge. 
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4.2.2.6 Source-air-man pathway 
The inhala t ion  route  of radionuclides released t o  
t h e  atmosphere d i r e c t l y  from-the source o r  resuspended a f t e r  de- 
pos i t ion  may r e s u l t  i n  t h e i r  absorption i n  t he  lung, gastro- in tes-  
t i n a l  t r a c t  o r  sk in  of t h e  individual .  Section 5.3.2.2 discusses 
t h e  ca lcula t ion  of t h e  annual dose from inhalat ion of radionuclides 
in a i r .  Absorption and subsequent d i s t i bu t i on  i n  t h e  body depends 
on t h e  physical s t a t e  of t h e  radionuclide. The example used i n  t h i s  
paper is t h a t  of t he  accumulation of radioiodine i n  t h e  thyroid due 
t o  inhala t ion  and ingestion. Other nuclides may be r e l a t i v e l y  in- 
soluble and may remain i n  t h e  lungs. The study of t h e  d i s t r i bv t i on  
of radionuclides within t h e  body is complex although a s ign i f i can t  
amount of da ta  is ava i l ab le  [3]. 
4.2.2.7 Source-air-vegetation-man pathway 
This.. p a t h a y  is. character ized _ -  by t h e  deposi t  ion of 
&?~nucl ides  &tach,ed t o  ~ a r t i c l e s  on the surface o f -  vegetation 
by-dGY convedt ive  deposi t ion and 3y prebipi ta t ion .  #The ingestion of 
\ 
L 
v'egetableS is noid gefiErally, an  important dose pathway t o  man be- 
cause qE the, long residence times involved. This may be s ign i f i can t  
under ce r t a in  conditions. For example, if the r e  is a high deposi- 
t i o n  r a t e  of radioiodine on rapidly  harvested l e a fy  vegetables, t he  
dose t o  man m+y become s ign i f i can t  . Sect ion 5.3.2 . 3 develops 
model f o r  t h e  p red ic t io r  of t he  annual dose from radioiodine due . 
30 
t o  athe source-air-vegetable-man pathway from an  operating nuclear 
power p lant .  
4.2.2.8 Source-air-vegetat ion-meat. o r  milk-man pathway 
This  pathway is frequently important, especia l ly  f o r  
r e leases  of radioiodine at  nuclear power s t a t i o n s  and f o r  Sr-90 a d  
Cs-137 in f a l l o u t  from nuclear weapons t e s t s .  This is t h e  c r i t i c a l  
pathway f o r  dose ca lcula t ions  involving t h e  Lnternal deposi t ion of 
these  nuclides.  Although t h i s  is a complex pathway, a s ign i f i can t  
amount of da t a  has  been accumulated on t h e  t r ans f e r  parameters [3]. 
Measurements of radionuclides in one medium a r e  re la ted  t o  those  i n  
other  m e d i a  and u l t imate ly  t o  t h e  absorbed dose v i a  animal and human 
ingestion. Sections 5.3.2.4 and 5 m 3.2.5 develop methodologies t o  
be used i n  t h e  ca lcula t ion  of t h e  accumulation of radionuclides 
through t h i s  pathway. 
4.3 Modeling of C r i t i c a l  Pathways 
The dose assessment calculated p r i o r  t o  power oper- 
a t i o n  is performed by modeling t h e  po ten t i a l  nuclide pa-Lhkays with 
assumed f a c i l i t y  nuclide re lease  da t a .  The Nuclear Regulatory Com- 
mission [3] considers a pathway t o  be c r i t i c a l  if a conservative 
- 
evaluation y ie lds  an  addi t ional  dose increment equal t o  t e n  percent 
of t h e  t o t a l  from a l l  pathways considered i n  t he  regulatory guides. 
The remainder of t h i s  paper dea l s  with t h e  modeling of spec i f i c  
c r i t i c a l  pathways associated with t h e  operation of nuclear power 
p lants .  It is necessary t o  review f eC-era1 regulat ions associated 
with t h i s  analys is .  Chapter'Sereviews these  regulat ions and intro-. 
duces t h e  models. 
FEDERAL REGULATIONS RELATED T O  GASEOUS DISCHARGES 
FROM NUCLEAR POWER PLANTS 
5.1 National Environmental Goals 
The national environmental goals a r e  expressed by 
the  National Environmental Policy Act (NEPA) [ I21 of 1969 as follows: 
" . . . it is the  continuing reponsibi l i ty  of t he  Federal Government t o  
use a l l  pract icable means, consistent with other essen t ia l  consider- 
a t ions  of national policy, t o  improve and coordinate Federal plans, 
functions, programs, and resources t o  t he  end tha t  t he  Nation may: 
' (I)  f u l f i l l  the  respons ib i l i t i es  of each generation as t ru s t ee  of 
t he  environment f o r  succeeding generations; 
(2) assure f o r  a l l  Americans safe,  healthful ,  productive, and 
es the t ica l ly  and cu l tu ra l ly  pleasing surroundings ; 
(3) a t t a i n  the  widest range of beneficial  uses of the  environment 
without degradation, r i s k  t o  health o r  safe ty ,  o r  other undesirable 
and unintended consequences ; 
(4) preserve important h i s to r i ca l ,  cu l tu ra l ,  and natural aspects 
of natural  heri tage,  and maintain, wherever possible,  an environment 
which supports d ivers i ty  and var ie ty  of individual choice ; 
(5) achieve a balance between population and resource use which 
w i l l  permit high standards of l i v ing  and  a wide sharing of l i f e ' s  
amenities ; and 
' (6) enhance t h e  qua l i t y  of--*rGnewable resources and approach t h e  
maximum a t t a inab l e  recycl ing of depletable resources." 
Further ,  with respect  t o  major Federal ac t ions  s i gn i f i c an t l y  a f f ec t -  
ing t h e  qua l i t y  of t h e  human environment, Section 102(2) (c)  of t h e  
NEPA [I21 c a l l s  f o r  t h e  preparation of a de ta i l ed  statement on: 
(a) t h e  environmental impact of t h e  proposed ac t ion;  
(b) any adverse environmental e f f ec t s  t h a t  cannot be avoided should 
t h e  proposed projec t  be implemented; 
(c) a l t e rna t i ve s  t o  t h e  proposed ac t ion;  
(d) t h e  relat ionkhip between l oca l  shor t  term uses of man environ- 
ment and t h e  maintenance and enhancement of long-term productivity,  
( e )  and i r r eve r s ib l e  and i r r e t r i evab l e  commitments of resources t h a t  
would be involvedin t h e  proposed ac t ion  should it be implemented. 
The Nuclezr Regulatory Commission (NRC) is required 
t o  assess  t h e  po ten t i a l  environmental e f f ec t s  of t h e  construction 
and operation of a nuclear power s t a t i on ,  p r i o r  t o  t h e  issuance of 
permits o r  l icences ,  t o  assure  t h a t  t h e  f a c i l i t y  meets t he  nat ional  
environmental goals  s e t  f o r t h  i n  t h e  NEPA. To make t h i s  assessment 
t h e  NRC requires  each appl icant ,  f o r  a l icence  o r  permit, submit an 
environmental repor t  de l ineat ing  po ten t i a l  environmental impacts 
of t h e  proposed s t a t i o n  and associated f a c i l i t i e s .  The implemen- 
t a t i o n  of NEPA by the  NRC is discusses i n  t he  following sec t ions  
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by a review of t h e  Code of Federal Regulations (CFR) and t h e  
Nuclear Regulatory Commission's Regulatory Guides. 
-& -- 
5.2 Code of Federal Regulations, T i t l e  10 : Energy 
The NRC's  implementation of NEZA is contained i n  
10CFR pa r t  51, "Licensing. and Regulatory Policy and Procedures f o r  
Environmental Protection"[13] . Additional information on t h e  rad- 
io log ica l  impact assessments associated with nuclear power s t a t i ons  
is contzined i n  10CFR p a r t  50, appendix I, "Numerical Guides f o r  
Design Objectives and Limiting Conditions f o r  Operation t o  Meet t he  
Cr i ter ion  ' A s  Low as Pract icable  ' f o r  Radioactive Material  i n  
Light-Water-cooled Nuclear Power Reactor E f f  luents"[i&], and 
10CFR p a r t  20, " Standards fo r -Pro tec t ion  Against Radiationw[15]. 
5.2.1 Licensing and Regulatory Policy and Procedures f o r  Environ- 
mental Protect ion ( 10 CFR pa r t  51 ) 
This pa r t  of t h e  Code [I31 sets f o r t h  t h e  NRC pol icy 
and procedures f o r  t h e  preparation and processing of environmental 
impact statements and re la ted  documents associated with t h e  implem- 
entat ion of sec t ion  102(2) (c )  of NEPA. Three documents of s i gn i f i -  
cance t o  nuclear power reac to rs  a r e  described: t h e  ~nvironmental  
Report (Ei) , which is a document submitted t o  t h e  NRC by t h e  appli-  
cant containing informat ion associated with t h e  environmental impact 
of t h e  projec t  ; t h e  D r a f t  Environmental Impact Statement (EIS) , 
prepared by t h e  NRC, using information i n  t h e  submitted ER, 
p r i o r  t o  review and comment; and t h e  F ina l  EIS,distr ibuted a f t e r  
incorporation of comments. -- ---* - 
5.2.2 Standards f o r  Protect ion Against Radiation ( 10 CFR pa r t  20) 
This pxt of t h e  Code [I51 es tabl ishes  standards f o r  
protect ion agains t  r ad ia t ion  hazards associated with f a c i l i t i e s  
l icensed by t h e  NRC. It a l s o  s t a t e s  t h a t  " persons engaged i n  ac t iv-  
i t i e s .  . . should , i n  addi t ion  t o  complying with t h e  requirements s e t  
f o r t h  i n  t h i s  pa r t ,  make every reasonable e f f o r t  t o  maintain radia- 
. 
t i o n  exposures, and re leases  of radioact ive  materials i n  e f f luen t s  
t o  unres t r ic ted  areas, as low as is reasonably achievable." The 
term " as low as is reasonably achievable I' means as low as is 
reasonably achievable taking in to  account t h e  state of technology, 
and t h e  economics of improvements i n  r e l a t i o n  t o  t h e  benef i t s  t o  t h e  
public  heal th  and safety,  and other  s o c i e t a l  and socioeconomic con- 
s iderat ions,  and i n  r e l a t i o n  t o  t h e  u t i l i z a t i o n  of atomic energy i n  
t h e  public  i n t e r e s t .  
Permissible doses, l eve l s  and concentrations a r e  
reported f o r  both r e s t r i c t e d  and unres t r ic ted  areas. O f  general 
concern t o  t h e  study of population exposure from nuclear faci l i t ies  
is appendix B f o r  t h i s  pa r t .  It lists t m u m  permitted eoncen- 
- 
I (MPC) - i n u n i t a f  x lo-' ci / l  in air  and uater  above 
-------/--**"-(' 
na tura l  background f o r  ef f luent  r e leases  t o  unrestricted axas. 
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5.2.3 Radiological  Impact Assessments ( 10 (3% p a r t  50, appendix I ) 
Appendix I t o  lOCFRpart50 [I&] s e t  numerical guides 
t o  show compliance with the-'!aslow as is reasonably achievable" r e -  
quirements of 10CFRpart50.3ba and p a r t  50. %a. P a r t  50. %a includes 
t h e  requirement t h a t ,  before  construct ion,  a n  appl icant  f o r  a p e r n i t  
must ' include a desc r ip t ion  of t h e  equipment design t o  con t ro l  
gaseous and l i q u i d  r ad ioac t ive  nucl ides  i n  t h e  e f f luen t  of nuclear  
power p lan t s .  P a r t  5O.36a contains  provis ions t o  a s su re  t h a t  t h e s e  
gaseous and l i q u i d  r ad ioac t ive  nucl ides  from a light-water-cooled 
nuclear  power p l a n t  t o  unres t r i c t ed  areas are kept  as low as p rac t i c -  
ab le .  These l i m i t a t i o n s  a r e  appl ied ' t o  normal operat  ion and ex- 
pected occurrences. 
The guides on design objec t ives  f o r  light-water-cooled 
nuclear  power r e a c t o r s  l icensed  under 1 0 ~ 5 0  can be summarized as 
fol lows : 
A .  The calculated annual t o t a l  quan t i ty  of a l l  rad ioac t ive  
ma te r i a l  above background t o  be re leased  from each light-water- 
cooled power r e a c t o r  t o  unres t r i c t ed  a r e a s  w i l l  not  r e s u l t  in an  
estimated annual dose commitment from l i q u i d  e f f l u e n t s  f o r  any 
indiv idual  in an  unres t r i c t ed  area from a l l  pathways of exposure 
7 an. i n  excess of 3 mill irems t o  any o-g 
totaldgjgjJ&$y of a l l  r ad ioac t ive  
be . - w ; l i ~ z g L , i L ~ ~ ~ - ~ ~  
--'*w *l" 
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The Nuclear Regulatory Commission ' s s t a f f  includes a statement of 
its position on t h e  design objectives: 
For radioactive iodine and radioactive material i n  particu- 
l a t e  form above background released t o  the  atmosphere: 
I. The calculated annual t o t a l  quantity of a l l  iodined and radio- 
ac t ive  material i n  par t icu la te  f o m  from a l l  light-wat er-cooled 
nuclear power reactors at  a s i t e  should not r e s u l t  i n  an annual 
dose o r  dose commitment t o  any organ of an individual i n  an unres- 
t r i c t e d  area from a l l  pathways of exposure in excess of 15 m i l l i -  
rems. I n  the  determination of t he  dose o r  dose commitment t he  
portion thereof due t o  t he  intake of radioactive material v ia  t he  
food pathways may be evaluated a t  the  locations where the  food 
pathways actual ly  ex is t  ; and 
2. The calculated annual t o t a l  quantity of iodine-131 i n  gaseous 
eff luents  should not exceed i cur ie  f o r  light-water-cooled 
nuclear power reactor  a t  a s i t e .  
Table 5-1 summarizes t he  design objectives f o r  t he  re lease  o f  
gaseous eff luents  and radioiodines . 
It should be noted, however, t ha t  the  above stated 
l imi t s  may be exceeded if the  f a c i l i t y  has proposed baseline inplant 
control measures t o  reduce the  possible sources of rdioactive iodine 
releases.  These measures include treatme&...fru.,. 
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Table  5-1 
Summary of t h e  Design Objec t ives  
lOCFR5O appendix I NRC staff p o s i t i o n  
Type of Dose . Design OhjecLives D e s  i g n  0 b j e c t  i v e s  
Gaseous E f f l u e n t s  (noble  gases) 
gamma dose  i n  a i r  10 mrad/y p e r  u n i t  
b e t a  dose  i n  air 20 mrad/y pe r  u n i t  
dose  t o  t h e  whole body 5 m r e m / y  p e r  u n i t  
of t h e  i nd iv idua l  
dose  t o  t h e  s k i n  of 
-the i nd iv idua l  
15 mrem/y p e r  u n i t  
Radioiodines andpar t  ioulates Released t o  -the atmosphere * 
dose  t o  any organ 15 mrem/y p e r  u n i t  
from all pathways 
1-131 r e l e a s e s  
10 mrad/y per s i t e  
20 mrad/y per sate 
5 mrem/y p e r  s i t e  
I 
15 mremly p e r  s i t e  
15 mrem/y p e r  s i t e  
1 ~ i / y  p e r  u n i t  
* does  not  inc lude  noble gases ,  does  - include doses  due  t o  C-14 'and H-3 in-take from t h e  
t e r r e s t i a l  food cha ins .  
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The NRC staff has developed a s e t  of regulatory 
guides f o r  the  implementation of t he  numerical guidance provided i n  
appendix I t o  10 CFR part SO-.. --. The next section reviews the  suggested 
models and assumptions f o r  calculating the  estimated doses described 
i n  these regulatory guides. 
5.3 U . S . Nuclear Regulatory Commission ' s Regulatory Guides 
Three regulatory guides prepared by the  NRC a r e  of 
par t i cu la r  importance i n  t h e  evaluation of t he  environmental impact 
of radioactive gaseous eff luents  from light-water-cooled nuclear 
reactors.  Regulatory Guide 4.2 [ 101 , * " Preparation of Environmental 
Reports f o r  Nuclear Power Stat ions,  " describes t he  general require- 
ments associated with the  preparation of an ER f o r  submission t o  the  
NRC f o r  t he  evaluation of the  environmental impact of the  plant .  
Regulatory Guide 1.109 [3],11 Calculation of Annual Doses t o  Man 
from Routine Releases of Reactor Effluents f o r  t he  Purpose of Eval- 
ua t  ing Compliance with IOCFRSO appendix I, " provides the  'methodol- 
ogies t o  be used in the  evaluation of annual dose r a t e s  f o r  l iquid  
effluents,  gaseous eff luents  ( noble gases only ) , and radioiodines 
and par t icula tes  released t o  the  atmosphere, f o r  each un i t  at! a s i t e .  
Regulatory Guide I. 11 1 [ b ]  , " Methods f o r  e s t  imat ing Atmospheric 
Transport and Dispersion of Gaseous Effluents i n  Routine Releases 
from Light-?later-Cooled Reactors, " provides fur ther  guidance on the  
t 
implementat ion of IOCFR pa r t s  50. %a, 50.36a, 20.106 and 50 appendix 
I. This section of the  paper describes the  modeling associated with 
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t h e  transport  and d i lu t ion  of radioactive materials along several  
pathways from the  reactor  plant  t o  man described i n  these regu- 
l a to ry  guides. __._ - 
5.3.1 Environmental Reports f o r  Nuclear Power Stat ions ( NRC 
Regulatory .Guide 4.2 ) 
The analysis  of s ignif icant  exposure pathways is 
required by Chapter 5, sect ion 2, of Regulatory Guide 4.2 [10]. 
The radiological  impact from routine operation of nuclear power 
plants  must be evaluated along gaseous and l iquid  pathways. The 
I 
method-ologies used t o  calcula te  exposures along gaseous 2athwsys 
a r e  provided i n  Regulatory ,Guides I. 109 a d  1.111. These exposures 
must be estimated f o r  t he  t o t a l  body,' thyroid, and other organs 
( reported millirems/lyear ) for individuals exposed a t  the  point 
of maximum ground-level concentrat i o n s  off s i t e  . The various pos- 
s i b l e  pathways f o r  radia t ion exposure of man should be described 
in the  t e x t  of t he  EEi. I n  addition, an exposure flowchart s imi lar  
t o  Figure 4-1 should be included. 
A s  a minimum the  following pathwzys should be consZ- 
ered in.  t he  e v a l ~ a t i o n :  (I)  d i r e c t  radiat ion from radioactive 
-* - 
material contained within the  s ta t ion ,  (2) shaceline f i sh ing  ( rad- 
ionuclides deposited in the  sediments ) , (3) immersion i n  air3orne 
- 4 
eff luents ,  (4) radionuclides deposited on khe ground surfade and 
vegetkt ion, (5) in te rna l  exposure from- inhalation of airborne 
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effluents ,  and (6,j from ingestion of milk, drinking water, f i s h  and 
.-,. 
game, invertebrates,  and plants .  This paper considers those ex- 
_ _  - - 
posure pathways associated wlth gaseous eff luents  . The models 
developed t o  estimate dose r a t e s  along exposure pathways a r e  des- 
c r i b e d  in t h e  following sections. 
5.3.2 Calculation of Annual ~ o s e s  t o  Man from Gaseous Effluent 
Pathways ( NElC Regulatory Guide. 1.109 ) 
Gaseous eff luents  can be divided in to  two categories: 
noble gases and radioiodines and other radionuclides ( not incfuciing 
noble, gases ) .  Noble gases, such as Krypton ( X r - t i P ,  Iir-85m, Kr-85, 
Kr-87, Kr-88 ,Kr-89, an& &-go), Xenon ( Xe-13lm, Xe-133m, Xe-133, 
Xe-135m, Xe-135, Xe-137, aLd Xe-138 ) ,  and Argon ( A r - 4 1  ) ,  are 
be-ba-nhus and gamma emitters and a r e  eva lua td  using one of two 
models: ncble gas released from a free-standing stack o r  b m e r -  
s ion in a semi - id in i t  e . c l o ~ 6 .  The exposure pathway f o r  noble gases 
J 
is the d i r e c t  air subrnersio.n-g&hms(-  ax^ w i l l  not be considered 
fur ther .  The accumulation of radioiodine and other radionuclides 
such \as C-14 and H-3 i n  t h e  food chain is of greater  in te res t  be- 
cause of complications i n  expdsure e s t ~ t i o n  added by multiple ard 
ccmplex pathways. 
I n  the  *study of radi&tion exposuke the  NRC makes use 
of t h e  maximum exposed individual approach. The population is div- 
ided in to  four  groups: infants  ( 0 t o  1 year ), children ( I t o  11 
years ) , teenagers (11 t o  17 years ) , and adu l t s  ( 17 years  and 
older  ) .  The maximum exposed i d % . - d u a l  i n  each group is a newborn 
infant ,  a 4 year-old chi ld ,  -a--i& year-old, and a 17 year old,  respec- 
tzvely .  The maximum exposed individual  is considered maximum with 
respect  t o  food consumption, occupancy, and o ther  usage of t h e  
region adjacent t o  t h e  p lan t .  Exposures calculated f o r  each of these  
groups can then be compared with t h e  f ede ra l  requirements of sec t ion  
I1 of IOCFR50, a p p e d i x  I. The NRC w i l l  consider a pathway t o  be 
c r i % i c a l  if a conservative evaluation y ie lds  an  addi t ional  dose 
increment equal t o  o r  g rea te r  than t e n  percent of t h e  t o t a l  from 
. 
a l l  pathways considered i n  Regulatory Guide I. 109. Only those 
pathways described i n  t h e  guide a r e  used i n  t h i s  paper. 
The models f o r  ca lcula t ing  doses from radionuclides 
o ther  than noble gases and radioiodines via c r i t i c a l  path-mys a r e  
summarized below. 
5.3.2.1 Annual external  dos'e from d i r e c t  exposure t o  a c t i v i t y  
1 
deposited on t h e  gkound plane 
The ground plane concentration of radionuclide i a t  
t h e  l oca t i sn  (r ,a)  15th respect t o  t h e  ro lease  pc iz~ t  may be deter- 
mined by e v t i o n  (5-1) 
where 
G Ci . ( r  '0) is the  ground plane concentration -of the  radionuclide, i, 
i n  the  sector  a t  angle 8 at a-dlrstance r from the  re lease  point,  in 
2 p ~ i / m  ; 
&i is t h e  annual re lease  r a t e  of nuclide i t o  t h e  atmosphere, i n  
tb is t h e  time period over which the  accumulation is evaluated, 
which is 15 years ( t h e  =id-point of plant operating l i f e  ) ; 
biCr, 0) is t h e  annual average r e l a t ive  deposition of eff luent  
I 
species i at  location ( r ,  0) , considering depletion of t he  plume 
-2 during transport ,  i n  m ; 
Xi is t h e  radiological  decay constant f o r  nuclide i, i n  y r o L ;  and 
1 x 1012 is the  number of pCi per C i .  
The annual dose resul t ing from d i r e c t  exposure t o  t he  contanination 
on the  ground plane, using the  summation over -al l  r&iosuclides 5s 
then 
T~ ere  
D .G is the  annual dose t o  the  organ j a t  location ( r , ~ ) ,  i n  m r e m / ~ ;  
3 
DFGij is t h e  open f i e l d  ground plane dose conversion f ac to r  f o r  organ 
n 
j from radionuclide i, in mrem-mL/p~i-hr; 
S is a shielding f ac to r  t h a t  accounts f o r  the  dose reduction due F 
t o  t h e  shielding provided by res iden t ia l  s t ructures  during occupancy, 
dimensionless and equal t o  0.7; and 
3760 is the  number of hours i n  a year. 
5.3.2.2 Annual dose from inha-hiion of radionuclides i n  a i r  
The annual average airbornc - ---- --- --at  ion of radio- 
nuclide i a t  the  location ( r ,  8) with respect t o  the re lease  point may 
be determined a s  
where 
Xi(r, 0) is the  annual average ground-level concentration of nuclide 
i i n  the  a i r  i n  sector  8 a t  distance r, in p ~ i / m 3 ;  
D [YQ] ( r ,  8) is t h e  annual average atmosphere dispersion fac tor ,  i n  
3 sec/m (discussed fur ther  in Reg guide 1.111 ) ;  and 
4 R 3 '17 x 10 is the  nimber of p ~ i / C i  divided by t h e  number of sec/yr. 
The annual dose associated with inhalat ion of a l l  radionuclides, t o  
organ j of an individual i n  age group a,  is then 
A D ja(r,  8) = R 8 &(r ,  8) DFA 
a 1  i ja  
where 
A D . ( r ,  8) is the  annual dose t o  organ j of an individual i n  age group 
. Ja  
a a t  location ( r ,  8) due t o  inhalation, i n  mrem/yr ; 
DFA is the  inhalation dose f ac to r  f o r  radionuclide i, organ j, i ja 
and age group a ,  i n  mrem/pci; and 
R is the  annual a i r  intake f o r  individuals.  i n  the  age group a,  i n  
a 
values f o r  Ra a r e  tabulated i n  Reg Guide 1.109, appendix E,  t o  be 
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used f o r  t h e  maximum exposed individual, by age group, i n  l i e u  of 
site-specif i c  data .  I n  addition, values f o r  DFAija a r e  tabulated 
in appendix E f o r  bone, l iver , - - to ta l  body, thyroid, kidney, lung, 
and gastro.int e s t i na l  t r a c t  f o r  a number of d i f f e ren t  nuclides. 
5.3.2.3 Concentrations of airborne radionuclides i n  foods 
For a l l  radioiodines and par t icu la te  radionuclides , 
except tritium and carbon-14, t he  concentration of nuclide i i n  
and on vegetation a t  location ( r ,  8) is estimated using 
x exp (-iith) 
wnere 
di(r,  8) is t h e  deposition r a t e  of radionuclide i onto ground a t  
2 location ( r , 8 ) ,  i n  p ~ i / m  -hr. 
Data on r,  te, YV, and th is, given i n  appendix E t o  Reg Guide 1.109 
These values, given f o r  various s i tua t ions ,  allow equation (5-5) t o  
be used fo r :  e s t h a t i n g  concentrations i n  produce consumed by man, 
i n  leafy  vegetables consumed by man, i n  forage consumed d i r ec t ly  
a s  pasture grass by da i ry  cows, beef c a t t l e  o r  goats, and i n  forage 
consumed as storage feed by dairy  cows, beef c a t t l e ,  o r  goats. 
. The 'deposition r a t e  from t h e  plume is defined by 
where 
8 1.1 x 10 is  t h e  number of pCi per  C i  divided by t h e  number of 
hr /yr0  --- - 
The model used t o  der ive  t h i s  equation considers only t he  elemental 
f r a c t i o n  of t h e  radioiodines i n  t h e  e f f luen t .  A s  discussed e a r l i e r ,  
iodine w i l l  be produced as both elemental and organic iodine. There- 
f o r e  F represents  t he  f r ac t i on  of t h e  elemental iodine i n  t h e  
e 
e f f luen t  and Q, is t h e  t o t a l  ( elemental and non-elemental ) radio- 
iodine emmision r a t e  . 
53.2.4 Parameters f o r  t he  ca lcula t ion  of nuclide concentrat ions 
i n  m i l k  
The radionuclide concentration i n  m i l k  is dependent 
on t h e  amount and contamination l e v e l  of t h e  feed consumed by t h e  
animal. The radionuclide concentration i n  milk is estimated as 
where 
cim(r, 8) is t h e  concentration i n  t h e  m i l k  of nuclide i, i n  p ~ i / l i t e r ;  
ciV(r, 0) is t h e  concentration of radionuclide i i n  t h e  animal 's  feed,  
F is t h e  average f r a c t i o n  of an animals d a i l y  intake of radionu- 
rn 
c l i d e  i which appears i n  each l i t e r  of milk, in days / l i t e r  ; 
&F is the  amount of feed comsumed by t h e  animal per  day, i n  kg/day; 
tf is t h e  average transport  time of the  a c t i v i t y  from the  feed in to  
t h e  m i l k  and t o  the  receptor ( assume tf = 2 days ) ; and 
hi is the  radiological  decay-cb-tant of nuclide i, i n  days-'. 
The concentration of radionuclide i i n  the  animal's 
feed is estimated as 
where 
'i ( 0  is the  concentration of radionuclide i on pasture grass 
( calculated using Equation (5-5) with th = 0 ) ,  i n  pci/kg; 
ciS(r, 9) is t h e  concentration of radidnuclide i i n  stored feeds 
( calculated using Equation (5-5) with th = 90 days ) , i n  pCi/kg; 
f is the  f rac t ion  of t he  year t ha t  animals graze on pasture grass; 
P 
f s  is t h e  f rac t ion  of da i ly  feed t h a t  is pasture grass when the  ani- 
mal grazes on pasture grass; 
th is t h e  time delay between harvest of vegetation o r  crops and 
ingestion ( t = 0 f o r  pasture grass and 90 days f o r  stored feed ) ; 
t is the  period of crop, leafy  vegetable, o r  pasture grass expo- 
e 
sure during the  growing season ( te = 30 days f o r  t he  grass-cow- 
milk-man pathway and 60 days f o r  crop/vegetation-inan pathway ) ; 
Yy is t h e  agr icu l tu ra l  productivity by un i t  area ( Yv = 0.7 kg/m 2 
2 f o r  the  grass-cow-milk-man pathway and 2.0 kg/m f o r  produce o r  
leafy  vegetables ingested 'by man ) ; and 
tf is t h e  transport  time from animal feed-milk-man ( tf = 2 days 
f o r  maximum individual and 4 days f o r  t he  general public ) . 
5.3.2.5 Parameters f o r  the  calculation of nuclide concentration 
in m e a t  
A s  i n  t he  milk--pZthway, t he  radionuclide concentra- 
t i o n  i n  m e a t  is dependent on the  amount and contamination l eve l  of 
t he  feed consumed by the  animal. The radionuclide concentration 
i n  m e a t  is estimated as 
F 
ci ( r ,  0) = Ff civ(r, 0) QF exp (-kits) 
F Ci ( r ,  0) is the  concentration of nuclide i i n  animal f l e s h ,  i n  p ~ i /  
Ff is the  f r ac t ion  of t h e  animal's da i ly  intake of nuclide i which 
appears i n  each kilogram of f l esh ,  in days/kg; and 
ts is the  average time from slaughter t o  consumption ( ts = 20 d ) .  
Beef c a t t l e  a r e  assumed t o  be on open range f o r  grazing periods 
sirnilax t o  m i l k  c a t t l e .  
5.3.2 . 6 Annual dose from atmospherically re lease  radionuclides i n  
foods 
The annual dose t o  organ j of an individual i n  age 
group a resu l t ing  from the  ingestion of a l l  radionuclides i n  produce, 
m i l k ,  m e a t ,  and leafy vegetables is given by 
where 
D ( r ,  0) is the  annual dose t o  t h e  organ j of an individual i n  age ja 
group a from ingestion of produce, m i l k ,  l ea fy  vegetables, and meat 
at  locat ion ( r ,  €I), i n  mrem/yr; 
L F 
ciV(r, 0) , cim(r,O), Ci ( r ,  0) , and Ci ( r ,  0) a r e  t h e  concentrations of 
radionuclide i i n  produce ( non-leafy vegetables, f r u i t s ,  and gra ins) ,  
milk, l ea fy  vegetables, and m e a t ,  respect ively,  a t  locat ion ( r ,  0) , 
i n  pci/kg o r  p~i/l; 
DFI is t h e  ingestion dose f a c t o r  f o r  radionuclide i, organ j , i ja  
and age group a,  i n  mrem/p~i; 
f and f l  a r e  t h e  f r ac t i ons  of t h e  ingestion r a t e s  of produce 2nd 
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l ea fy  vegetables, respect ively,  t h a t  a r e  produced i n  t h e  garden of 
i n t e r e s t  ( i n  t he  absence of s i t e  spec i f i c  da ta ,  f = 0.76 and g 
f l  = 1.0 ) ;  and 
v m uF uL a r e  t h e  annual intake of produce, m i l k ,  meat, and 
'a9 'af a' a 
lea fy  vegetables, respect ively,  f o r  individuals  i n  t h e  age group a, 
i n  kg/yr o r  l /y r .  
One of t h e  most important o r  c r i t i c a l  pathways of 
radionuclides t o  man is associated with t he  re lease  of iodine-131 
from nuclear f a c i l i t i e s .  The c r i t i c a l  pathway f o r  t h i s  nuclide is 
t h e  source-air-vegetation-co~+milk-man pathway. Although t h i s  is a 
complex pathway, a great dea l  of information about t h e  various 
parameters and how radionuclides a r e  t ransfer red  between t h e  var- 
ious media is avai lable  [1,3j ;-' This pathway w i l l  be discussed 
f u r t h e r  i n  t h e  next chapter of t h i s  paper. 
5.3 . 3 Methods f o r  Estimating Atmospheric Transport and Dispersion 
of Gaseous Eff luents  i n  Routine Releases from Light-Water- 
Cooled Reactors ( NRC Regulatory Guide 1.111 ) 
For rout ine  re leases  of gaseous e f f luen t s  from 
light-water-cooled reac to rs ,  t he  concentration of  r a d i c a c t ~ v e  nater -  
ial in t h e  adjacent a rea  depends on t he  amount of ef f luent  relkased, 
the height of t h e  re lease ,  t h e  momentum a ~ d  buoyancy of t h e  emit- 
ted plume, t h e  widspeed,  atmospheric s t a b i l i t y ,  and a i r f low 
pa t t e rns  of t h e  sits, and various ef f luent  rernoval mechanisms. 
- .--.A,-. 
Nost approximate methods f o r  t h e  descr ip t ion  of transpa+,  and dis- 
persion are based on t he  quasi-emperical formula fdr . t h e  d i f fus ion  
continuous constant 
i n to  t he  air moving with sped U i n  a s t d y  d i r ec t i on ,  - taken t o  
, be t h e  x axis. The concentration of a pol lu tant , .  )( , is .'then repre- 
sented with a fzir degree, o f .  accuracy by t h e  .Gaussian b i y a r b t e  
d is t r i t su t ion  funct ion.  The NRC Regulatory. Guise 1 .ill. [4] descr i -  
., . ' \ 
bes t h r ee  methods t o  be used f o r  various i n i t i a l  condditions: 
Particle-in-a-Cell Model Plume Element Model 
and ( c )  Constant Mean Wind Direct ion Model [18]. The removal 
mechanism of radionuclides i n  t h e  plume is of greater i n t e r e s t  i n  
computing dose assessments s ince  t h e  t ranspor t  and d i f fus ion  models 
were used t o  develop t h e  models _.- - in Regulatory Guide 1.109. The 
removal ~echanisms can be divided i n to  t h r ee  categories:  removal 
\ 
by radioact ive  decay, d ry  depositior, , and. wet deposi t ion.  Figures 
2 through 9 of reg  guide 1.111 can be used t o  determine t he  f r a c t i o n  
of t h e  radionuclide remaining i n  t h e  plume as a funct ion of plume 
t r a v e l  d i s t ance  and t h e  r e l a t i v e  deposition r a t e  (per  meter) as a 
f nnct ion of plume t r a v e l  dis tance.  
The r e l a t i v e  deposition of radionuclide i, consider- 
ing deple t ion  and decay i n  t r a n s i t  t o '  loca t ion  (r, 0) , [ 6 ,  ( r ,  0) ], 
- 
can be c a l c u l z t d  as a ?unction of t he  f r a c t i o n  of time t he  wind 
blows i n to  t h e  sec tor ,  t h e  d is tance  from t h e  discharge, t he  s i z e  
of the sec to r ,  and t he  r e l a t i v e  deposi t ion m t e ;  such t h a t  
bi(r, 0) = Oo x (open t e r r a i n  correction) 
R 8 
where 
f is the  f rac t ion  of t h e  time w i n d  blows i n to  a given sec tor ;  
RDR is t h e  r e l a t i v e  deposi t ion r a t e  determined by graphs i n  reg  
guide 1.111; 
R is t h e  d is tance  from t h e  discharge point ;  and 
0 is the  angle in radians associated with t h e  given sec tor .  
This analys is  rill have spec ia l  s i gnu i cance  i n  t h e  study of elem- 
en t a l  radioiodines and other  pa r t i cu la tes  car r ied  i n  plumes from 
nuclear power p lan t s .  
5 a 4  Conclusion 
. 
The nat ional  environmental goals expressed i n  t h e  
National Environmental Pol icy-  AEt of 1969, quantif ied in t h e  Code 
of Federal Regulations and modeled i n  t he  Nuclear Regulatory Com- 
mission's Regulatory Guides have been discussed f o r  t h e  problem 
of gaseous radioact ive re leases  from light-water-cooled nuclear power 
s t a t i ons .  The Environmental Report required from appl icants  f o r  a 
l i cense  from t h e  NRC must include t h e  analys is  of t h e  po ten t i a l  
exposure t o  t h e  general public.  The following chapter w i l l  i l l u s -  
t r a t e  t h e  use of t h e  NRC models t o  determine po t en t i a l  doses. 
(2lMPTER VI 
AN APPLICATION W- THE TRANSPORT OF RADIONUCLIDES 
FROM LIGHT-WATER-COOLED POFIER STATIONS TO MAN 
6.1 Transport of Radioactive Iodine from Nuclear Power S ta t ions  
t o  Man 
The goal of t h i s  example is t o  i l l u s t r a t e  t h e  corn- 
puta t ional  methods, outlined i n  t he  NRC Regulatory Guides 1.109 and 
1.111 [3 ,&I, f o r  ca lcula t ing  t he  rad ia t ion  dose t o  populations due 
t o  normal power reac to r  operation. The rad ia t ion  dose, due t o  
radioiodines,  t o  t h e  thyroid of a chi ld l i v ing  on a da i ry  farm 
located 1.3 km NNE of t h e  Yellow Creek Nuclear Power Plant  is cal -  
culated. Two exposure pathways a r e  considered : (1) source-air- 
inhala t ion  by man and (2) source-air-grass-cow-milk-man. It is 
assumed t h a t  organic iodine contr ibutes  t o  t h e  thyroid dose by 
t h e  a i r - inhala t ion  pathway, and t h e  elemental iodine contr ibutes  
t o  t h e  thyroid dose by t h e  air-grass-cow-milk-man pathway. The 
data used i n  t h i s  example was derived from the  " Tennessee Valley 
Authority, Yellow Creek Nuclear Plant  Units 1 and 2, Environmental 
Report " [ lg]  and t he  " Draft Environmental Statement " [20], pre- 
pared by t he  NRC, . O f f  i c e  of Nuclear Reactor Regulation. Table 6-1 
includes a summary of t h e  input da ta  required t o  perform t h e  dose 
commitment ca lcula t ion  . 
Table 6-1 
-- - - 
Summary of Input Data f o r  Dose Commitment ~alcula t ions[20]  
Radioactive iodine* released i n  gaseous eff luents  ( ~i /y r / r eac to r  ) 
Nuclide Building Ventlation Condenser Total 
Reactor Auxiliary Turbine Vacuum Pump 
1-131 2 4x10 A -4 2 .4x104 2 . ? ~ l 0 - ~  4. 5x101$ 
1-133 2.7X1O 6. l ~ 1 0  3 . 3 ~ 1 0  3.  8x10-3 6 .5~10  
*Assume iodine is dis t r ibuted as 50% organic iodine and 50% elemental 
iodine 
Atmospheric dispersion fac tors  
Locat ion Source / Q (sec/mJ) 
nearest residence reactor  building 1 .7  x log6 
(1.3 km NNE) vent ( intermit tent)  
reactor  building 1.5 x log6  
vent ( continuous) 
turbine building vent 8.2 x loo6 
f~ 
= f rac t ion  of time wind blows in to  t h e  NNE sector  a t  46 m = 0.09 
S t a b i l i t y  frequency f o r  t he  NN6 sector  
1. unstable (A,B,c): 3756 
2. neutra l  (D) : 2256 
3. s t ab l e  (E,F,G): 4% 
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6.1.1 Overall Procedure For Use i n  t h e  Solution of Dose Calculations 
The following procedures can be used t o  organize 
one ' s approach the  analysis  of complex exposure pathways : 
__.- - 
a. Calculation of the  thyroid dose due t o  inhalation of organic 
iodine 
1. Correct WQ) f o r  plume depletion via  r-lgures 2 through 5 of 
Reg. Guide 1.111 [4] and s t a b i l i t y  frequency data .  
2. Compute iodine concentrations ( &319 X ) a t  the  da i ry  farm. 133 
Assume an average wind speed of 2.5 km/hr. 
3. Compute the  dose t o  a ch i ld ' s  thyroid due t o  ' inhalation using 
data  i n  Reg. Guide 1.109 [3]. E!!$+~.?:L:;; I-c . +, I.w 
b.Calculation of thyroid dose due t o  ingestion of elemental iodine 
i n  t he  air-grass-cow-milk pathway. 
1. Compute the  deposition fac tor ,  i ( r , ) ,  using eq.(5-11) and 
Figures 6 through 9 of Reg. Guide 1.111. 
2. Compute the  depositioh r a t e ,  di, f o r  elemental 1-131 and 1-133. 
Neglect decay during t r a n s i t  from the  reactor  t o  t h e  gland. Correct 
f o r  depletion with the  plume depletion f ac to r  as in a.1. above. 
3. Compute steady-state ( i. e.  saturat ion ) iodine concentrations i n  
pasture vegetation. Assume I?= 1.0. 
4. Compute iodine concentrations in t ab le  m i l k .  Assume cows eat 
pasture grass only and the  time between grass consumption by cows 
and m i l k  consumption by the  child is two days. 
5. Compute the  annual thyroid dose t o  a child due t o  milk consump- 
t ion. 
c.  The sum of a .3. and b.5. y ie lds  t h e  annual thyroid dose due t o  
inhala t ion  and t h e  grass-cow-milk pathways. 
6.1.2 Calculation of t h e  Annual Thyroid Dose 
The rad ia t ion  dose due t o  radioiodines t o  t h e  thyroid 
of a chi ld l i v i n g  on a da i ry  farm located 1.3 Ion NNE of t h e  Yellow 
Creek Nuclear Power Plant  is calculated. It is assumed t h a t  t h e  
organic iodine contr ibutes  t o  t h e  thyroid dose by t h e  a i r  inhala t ion  
pathway and t h e  elemental iodine contr ibutes  t o  t h e  dose by t h e  air- 
grass-cow-milk pathway. 
. 
Using eq.(5-&), t h e  dose due t o  t h e  inhala t ion  of 
iodine is 
~.A(r,o) = R~ z Xi(r,O) DFA J a  i ija. 
F m m  Table E-5 of Reg. Guide 1.109, Ra = 3700 m3/yr  f o r  a chi ld ;  
t h e  following da ta  is obtained from Table E-9 of Reg. Guide 1.109: 
DFA i ja  f o r  a = chi ld ,  j = thyroid, and i = 1-131 is 4.39 x loo3 
mrem/p~i, and f o r  i = 1-133 is 1.04 x low3 mrem/p~i. It is 
necessary t o  correc t  X/Q f o r  plume deplet ion v i a  Figure 6-1 (I?ig- 
u re  5 of Ref [4]) and t h e  s t a b i l i t y  frequency da ta .  This can be 
described by t h e  following equation: 
(WQ) = C (WQ) ($ a t  s t a b i l i t y  i) ( f r ac t i on  in plume a t  1.3 km NNE 
1 .  
f o r  s t a b i l i t y  class i) (1/100) . 
On t h e  average t h i s  a i r  reaches a chi ld  a t  t h e  da i ry  farm i n  1.3 km 
x (1 hr/2.5 km) = 0.5  h r .  The concentration. of radioiodine i n  t h e  
STABLE (E,F,G) 
0.1 1 .o 10.0 100.0 
PLUME TRAVEL DISTANCE (KILOMETERS) 
Figure 6-1: Plume Depeltion Effect ( letters denote Pasquill s t ab i l i ty )  [4] 
a i r  a t  ( r , ~ ) ,  Xi is equal t o  (WQ) . Q and the depletion of radio- a n  
iodine due t o  natural decay is &,(r 0) = k. ( a t  s i t e )  e q ( - I t )  . 
n 
Table 6-2 summarizes the resuTfss of these equations. 
Table 6-2; 
D e t  eminat  ion of L J a t  farm) 
Nuclide Half-life ()(/~)~,(sec/m3) Q ( p ~ i / s e c )  ( at farm) 
Using eq. (5-4) , the  dose t o  the chi ld 's  thyroid is 
R C &(r ,  0) DFA x (fraction of Xi tha t  would resu l t  from inhal . ) 
a 4 i ja 
=(3;00 m3/yr )  (0.50)[(1.15 x (4.39 x loo3) + (1.63 x 
(1.04 x log3)] = 1.25 x low1 mrem/yr. 
Therefore, the child, over a period of one year, t r i l l  receive a 
dose of 0.125 mrem from the inhalation of 1-131 and 1-133. 
The dose due t o  the air-grass-cow-milk pathway is 
calculated by considering the ser ies  of steps described i n  section 
6.1.1.b. One must calculate bi(r,O) using eq.(5-11) rqhere f = 0.09 
f o r  the NNE sector ( the  sector is defined by the division of a 
c i r c l e  into 16 sectors a t  angles of 22.5 degrees per sector ); 
0 = 22.5' = 0.393 radians; R = 1300 meters and the re la t ive  depos- 
i t i o n  rate,RDR, is determined by Figures 6 thriugh 9 of Reg.Gui.de 
1.111 t o  be a s  follows: from Figure 6-2 ( ~ i g u r e  9 of R e f  [4]) the 
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-5 -1 RDR f o r  uns tab le  condi t ions (A,B,  C) is equal t o  2 .3  x 10 m , 
f o r  n e u t r a l  condi t ions (D) is equal t o  8 x low6  m - l  and f o r  s t a b l e  
condi t ions no dep le t ion  wilL-occur. Therefore bunstable equals  
-9 -2 5.27 x 10 m 
'neutral  equals 1.83 x ~ o - ~  mo2 and 's table  is 0.0 
The depos i t ion  r a t e  from t h e  plume is defined by eq. (5-6) as 
3 
di = 1.1 x l o  z [ 6 . ( r , e )  1 Q. F i=l 1 1 e 
2 p e r  m p e r  h r .  
The concentration of 1-131 and 1-133 i n  and on veg- 
e t a t i o n  a t  t h e  farm is estimated by eq. (5-5) . The e f f e c t i v e  removal 
r a t e  constant f o r  radionucl ide i from crops,  Gi, can be expressed 
as hi + hw, where hi is t h e  r ad ioac t ive  decay r a t e  constant  and Xw 
is t h e  removal r a t e  constant  f o r  phys ica l  dose by weathering, 
h = 0.0021. Therefore 1-131 
W 
= 0.0021 + 0.0035 = 0.0057 hr - I  and 
h 1-133 = 0.0021 + 0.03332 = 0 . 0 3 9  hr- l .  The time t h a t  t h e  crops 
a r e  exposed t o  contamination during t h e  growing season, te, is 30 
days o r  720 hours. T h e  a g r i c u l t u r a l  product iv i ty  pe r  u n i t  a r e a  
2 ( measured in wet weight), Yv, is 0.7 kg/m . The concentration 
f a c t o r  f o r  uptake of nucl ide i from t h e  s o i l  by ed ib le  p a r t s  of crops 
i n  p ~ i / k g  (dry weight) pe r  p ~ i / k g  (dry  s o i l )  , is 2.0 x 
vegetat ion pe r  s o i l .  The e f f e c t i v e  sur face  dens i ty  of soi1,assuming 
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2 a 15 cm plow layer,  expressed i n  dry t~e igh t ,  P, is 240 kg/m . The 
delay between the  harvest o f  vegetation or  crops and ingestion f o r  
ingestion of forage by animals, t is zero f o r  pasture grass. h' 
Upon subst i tu t ion of the  above values in to  eq. (5-5) , 
v 
'1-131 (r ,0) = 8.59 p ~ i / Q  and C 1-133 (r, 8) = 2.00 pci/kg. 
The concentration of radionuclide i i n  the  animals feed is estim- 
ated from eq.(5-8), rihere the concentration of nuclide i i n  stored 
v feeds, ~ y ( r ,  0) = 0.0 and ~ : ( r ,  0) = Ci, above. Assuming o n l y  pasture 
vm 
-zing, f p  = f s = 1.0, and eI - 131(r,8) = 8.59 pci/kg, and 
Vm ( r ,  0) = 2.00 pci/kg. 
'1-133 
The radionuclide concentration i n  m i l k  is dependent 
on the  amount and l e v e l  of contamination of the  feed consumed by 
the  animal. This concentration is estimated by eq. (5-7) : 
where F m = 6 x l ~ - ~ d a ~ s / l i t e r ,  $ = 50 kg/day, and tf = 4 days f o r  
m the  general population. Therefore CI - 131 (r, 8) = 2.180 pci / l  and 
m 
'1-133 (r , 8) = 0.121 pci/ l .  -Theannual organ dose from ingestion 
of atmospherically released radionuclides i n  food is expressed by 
L F 
eq. (5-10) , where ciV(r , 8) = Ci (r, 8) = Ci (r, 8) = 0.0 (assuming 
air-grass-cow-milk pathtray is the only significant pathway) . 
Equation (5-10) can be written a s  
D 
~ ~ , ( r , 0 )  = Z  DFI umdP(r ,8) ,  
i i j a  a 1 
,.here E 330 l / y r  from Table E-5 of Ref [?I. The dose t o  the  
thyroid of the  child due t o  the air-grass-cow-milk pathway from 
D 
radioactive iodine, D , is calculated t o  be 3.20 mrem/yr. The 
t o t a l  dose from inhalation and the air-grass-cow-milk pathways 
resu l t  in a t o t a l  dose due t o  the radioactive iodine t o  the  thyroid 
of the  child, of 3 . 32 mrem/yr. 
6.2 Conclusion 
The federal  requirements stated in section 5 m2.3 
l i m i t  radiation doses from radioiodines t o  15 mrem/yr/site f o r  the  
dose t o  any organ from a l l  pathways. The radiation dose calculated 
i n  section 6.1.2 would meet federal  requirements a s  stated i n  
10 CFR 5 0 ,  appendix I. This calculation should be repeated f o r  a l l  
appropriate age groups f o r  the  given area under investigation. 
pm'm V I I  
ABNORMAL RENSES FROM LIGHT-YATEFi-COOIZD NUCIIEAR REACTORS 
An addi t ional  source of r ad ia t ion  exposure t o  t h e  
general population e x i s t s  i n  t he  form of unexpected o r  abnormal 
re leases  from operating p lants .  These events a r e  t r ea ted  t o  some 
extent i n  t h e  Environmental Report and t h e  Environmental Impact 
Statements issued by t h e  u t i l i t i e s  and t he  Nuclear Regulatory 
Commission, respect ively.  NRC Regulatory Guide 4.2 [ lo ]  describes 
assumptions t o  be used i n  t h e  determin$tion of t h e  hazard of abnormal 
re leases  t o  t h e  public  heal th .  During t he  wri t ing of t h i s  repor t  
an  incident  of spec ia l  s ignif icance t o  t h e  subject  of radionuclide 
r e l ea se  t o  t h e  atmosphere occurred a t  Unit 2 of t h e  Three Mile Is land 
nuclear power s t a t i o n  of t he  Metropolitan Edison Company, a member 
company of General Public U t i l i t i e s .  The i n i t i a l  event a t  t h e  u n i t ,  
located near Harrisburg, Pa.,  h a s  described as a " l o s s  of normal 
f eedwat e r  turbine  t r i p -  with complications. " A preliminary repor t  
[21] has been d i s t r ibu ted  by t he  'merican Nuclear Society.  A review 
of t h e  s ign i f i can t  comments contained i n  t h i s  r epor t  a r e  included 
i n  t h i s  paper as an i l l u s t r a t i o n  of possible  pathtrays from t h e  p lant  
t o  man not spec i f i ca l ly  addressed i n  t h i s  paper. 
The incident.  can be summarized as follows : 
( I )  A t  4 a.m., March 28, 1979, t he  main feed~water system of Three 
Mile Is land,  Unit 2 (TMI-2) malfunctioned; 
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(2) The auxi l iary  f eedriater system fa i l ed  t o  start automatically; 
( 3 ) ~ h e  s t e a m  generators dried out , resul t ing i n  a r i s e  i n  primary 
4 - 
system temperature and pressm-e, t he  turbine generator tripped, and 
an overpressurization s ignal  scrammed, t he  reactor  plant;  
(4) A r e l i e f  valve located on the  top of t he  pressurizer  l i f t e d  
due the  excessive pressure in the  primary system, the  primary coolant 
was piped t o  a tank located i n  the  containment building, t he  r e l i e f  
valve f a i l ed  t o  r e se t  and remained i n  the  open position, primary 
coolant continued t o  be discharged t o  the  quench tank i n  t h e  
containment building; 
. 
(5) The emergency core cooling system (ECCS) started automatically , 
howeverwasoverridden by an operator reading an erroneous meter 
reading, the  water is suspected t o  have flashed t o  steam within the  
reactor  vessel;  
(6) The quench tank continued t o  f i l l  and a f t e r  approximately 
15 minutes it began t o  overflow onto the  f l o o r  of t he  containment 
building, t he  coolant began collect ing i n  the  building sumps and was 
pumped t o  a storage tank i n  the  auxi l iary  building, t h i s  tank a l so  
began t o  overflow, however it overflowed onto t h e f l o o r  of the  aux- 
i l i a r y  building and vo la t i l e  gases were released t o  t he  atmosphere 
of t he  building and ultimately the  environment; 
(7) Radioactive isotopes of krypton, iodine and xenon were released 
through the  buildings vent i la t ion system, vent f i l t e r s  stopped a 
a s ignif icant  amount of the  iodine released but none of the  noble 
gases ; 
(8) The r e s u l t  of t h e  incident was a re lease  of noble gas and 
iodine t o  t h e  atmosphere of tfie-'-&ntainment and auxi l iary  build- 
ings and the  environment. Figure 7-1 i l l u s t r a t e s  the  re lease  path- 
ways from the  TMI-2 plant .  
On the  morning of April 3, the  NRC released the  
following data  on environmental monitoring tha t  had been conducted 
by the  NRC, the  Department of Energy, the  Commonwealth of Pennsyl- 
vania, and t h e  Food and Drug Administration [21] : 
No radioiodine w a s  detected i n  any of t he  130 water samples 
taken by the  NRC, t he  DOE, and the  Commonwealth of Pennsylvania 
s h c e  the  accident. From what was calculated a s  t he  amount of 
radioiodine released from the  plant t o  water, t he  thyroid dose 
t o  anyone drinking the  water was estimated t o  be l e s s  than 0.2 
mrem . 
Eight of the  152 o f f s i t e  a i r  samples showed radioiodines 
present, t h e  most a c t i v i t y  measured being 2.4 (-11) microcuries 
per m i l l i l i t e r .  Thyroid dose t o  anyone a t  t h e  s i t e  boundary 
was estimated t o  be l e s s  than 50 mrem over the  f i v e  day period. 
Radioactive ine r t  gases were detected in t h e  sample, taken within 
a 65 Ian radius of t he  plant ,  but t he  maximum a c t i v i t y  detected 
was within about one-fourth of the  permissible concentration 
established in IOCFR20. 
Milk samples tes ted by the  s t a t e  d id  not yield radioiodine, 
but t he  Federal Food and Drug Administration found r e s u l t s  
ranging from 14 t o  40 picocuries of 1-131 per l i t e r  i n  t he  nine 
samples it took. Herds a r e  t o  be placed on stored feed, accoql- 
ing t o  t h e  Department of Health, Education and Welfare, when 
the  1-131 count researchs 12,000 pCi/l. The thyroid dose f o r  
anyone drinking milk is estimated t o  be l e s s  than 0.5 mrem per 
day. 
The releases,  as seen in the  above statement, i 
although below federal  limits, a r e  s ignif icant  and monitoring w i l l  
continue u n t i l  l eve l s  re turn  t o  normal f o r  t ha t  area. 
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CONCUJSION 
The analys is  of t he  environmental impact of rout ine  
radioact ive gaseous ra leases  from operating nuclear power s t a t i o n s  
has been discussed using a rad ia t ion  dose assessment. This ana lys i s  
included a discussion of t he  or ig in  of radionuclide ef f luents ,  a 
determination of c r i t i c a l  p a t h ~ a y s ,  a discussion of f ede ra l  po l i c ies ,  
and a ca lcula t ion  of rad ia t ion  doses t d  man. The methodologies 
described i n  t h i s  paper a r e  used i n  the  determination of dose assess- 
ments used i n  Environmental Reports and Environmental Impact State-  
ments. The information obtained by these assessments a r e  then used 
i n  a benefit-ccst  analys is  t o  determine if a p r o j e c t ' s  impact on t h e  
environment is ju s t i f i ab l e .  Over t he  past  50 years l imi ta t ions  on 
rad ia t ion  exposure have changed ~ 5 t h  increased understanding of t he  
e f f ec t s  of radioactv i ty  on man. F'urther changes ?--ill be re f lec ted  
i n  f ede ra l  l imi ta t ion  and thus  i n  p lant  performance. The s t a t ed  
goal  of f ede ra l  regulat ion is t o  have re leases  t o  unres t r ic ted  a reas  
t o  be as low as is reasonably achievable. The first s t ep  i n  meeting 
t h i s  goal is a thorough understanding of t h e  t ranspor t  mechanisms 
described i n  t h i s  paper. 
APPENDIX 
GLOSSARY 
Airborne Radioactive Mater ia l  : Any radioac t ive  ma te r i a l  dispersed 
i n  t h e  a i r  in t h e  form of dus t s ,  fumes, m i s t s ,  vapors o r  
gases.  
Curie ( ~ i )  : The bas ic  u n i t  t h a t  descr ibes  t h e  i n t e n s i t y  of radio-  
a c t i v i t y  i n  a sample. The c u r i e  is equal t o  3.7 x 10 10 
d i s i n t e r g r a t i o n s  pe r  second, approximately t h e  r a t e  of decay 
of 1 gram of radium-226. 
Dose: The quan t i ty  of r a d i a t i o n  absorbed, pe r  u n i t  of mass, by t h e  
body o r  by any por t ion  of t h e  body. 
Rad ( r a d i a t i o n  absorbed dose): A measure of t h e  dose of any ioniz ing  
r a d i a t i o n  t o  t h e  body t i s s u e s  i n  terms of t h e  energy absorbed 
pe r  u n i t  mass of t h e  t i s s u e .  One rad is t h e  dose correspond- 
ing  t o  t h e  absorpt ion of 100 ergs  pe r  gram of t i s s u e .  
Radiation: The ernission of fast atomic p a r t i c l e s  o r  r ays  by nucle i .  
Rem (roentgen equivalent man): A measure of t h e  dose of any ioniz ing  
r a d i a t i o n  t o  body t i s s u e  i n  terms of its estimated b io log ica l  
e f f e c t  r e l a t i v e  t o  a dose of one roentgen ( r )  of X-rays. 
The r e l a t i o n  of t h e  rem t o  o the r  dose u n i t s  depends upon t h e  
b io log ica l  e f f e c t  under considerat ion and upon t h e  condi t ions 
of i r r a d i a t i o n .  One rem is equivalent to :  
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( I )  a dose of 1 r due t o  X- o r  gamma r a d i a t i o n ;  
(2)  a dose of 1 rad due t o  X- o r  gamma o r  be ta  radia- 
r.w - - 
t i o n  ; , . -A 
(3) a dose of 0.1 rad due t o  neutrons.  
Roentgen ( r )  : That quan t i ty  of X- o r  gamma r a d i a t i o n  such t h a t  t h e  
assoc ia ted  corpuscular emmission pe r  0.001293 gram ( 1  cc) of 
a i r  produces, i n  air, ions carrying one e l e c t r o s t a t i c  u n i t  
( esu ) of charge of e i t h e r  s ign .  More simply, I r produces 
1.61 x 1012 ion  p a i r s  pe r  gram of a ir ,  represent ing  t h e  ab- 
so rp t ion  of % ergs  of energy. 
Res t r ic ted  Area: Any area access  t o  which is cont ro l led  by t h e  
l i c e n s e e  f o r  purposes of p ro tec t  ion  of ind iv iduals  from 
exposure t o  r a d i a t i o n  and rad ioac t ive  mater ia l s ,  - 
Unres t r ic ted  Area: Any a r e a  access  t o  which is not cont ro l led  by 
t h e  l i censee  f o r  t h e  purposes of p ro tec t ion  of ind iv iduals  
from exposure t o  r a d i a t i o n  and rad ioac t ive  materials, and 
any area used f o r  r e s i d e n t i a l  qua r t e r s .  
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